Additional computer-graphics tools
To allow proper analyses of the scale spatial pattern, we developed computer graphics tools (Movie S1), as plug-ins for MeshLab (27) , for marking and analyzing various network features (scale edges and nodes) as well as Dome Pressure Receptors (DPRs). All marked edges and DPRs were confirmed through binocular microscopic examination of the skin. In total, we marked 37'563 DPRs as well as 5'472 polygonal scales made of 10'910 nodes and 16'367 edges (these numbers ignore the additional nodes generated by the 2'558 dangling edges). Analysis tools include (i) the automated optimization of the 3D model symmetry plane for generating and evaluating the sagittal reflection of the scale network and (ii) computing and visualizing various statistics such as polygon order and area, edge angles, distribution and density of dome pressure receptors.
Alignment of meshes from different individuals was performed using non-rigid registration and deformation methods (8, 28) .
We also designed an automaton for the detection of primary cracks. The automaton starts iteratively at each node of the network. Starting from a node, each of the three edges connected to it is followed. Each time the automaton encounters a node, it chooses the outgoing edge defining the largest angle. Alternatively, the outgoing edge can be chosen with a relative frequency proportional to the angle of each edge. The automaton stops when reaching a border node. Non-border edges are marked each time they are visited by the automaton, hence, the automaton should visit edges belonging to lower order cracks more often than edges corresponding to later orders.
Deriving the mean number of sides of polygons Stochastic polygonal patterns generated by RDM, foams, and cracking share universal mathematical properties. For example, let's consider any lattice without border and continuously mapped into a plane, where P is the total number of polygons, Pn is the number of polygons with n sides, c is the connectivity number (the number of edges connecting at each vertex) and is fixed, <θ> is the mean internal angle of polygons, and <n> is the mean of n. For P going to infinity, it can be shown that:
leading to the mean number of sides of polygons:
Note also that Equation S2 can be derived from Euler's topological invariant rule:
where P, E, and V are the number of polygons, edges, and vertices (nodes), respectively. We can compute relations among the means of V, E, n, P and Pn (denoted <V>, <E>, <n>, <P> and <Pn> := P<n>). Taking into account that each edge occurs at the border of two polygons, (i.e., <E> = (<n>P<n>)/2) and that each vertex is at the intersection of c polygons (i.e., <V> = (<n>P<n>)/c), we get:
Dividing by P<n> and taking the limit of P<n> going to infinity, we obtain the mean number of sides of polygons (i.e., Equation S2 ).
Demonstration and quantification of the effect of borders Given that c=3 in foam and crack patterns, these two types of random lattices are characterized by a distribution Pn with <n>=6, i.e., the mean polygon is a hexagon. However, despite that we observe a connectivity of 3 in the crocodile head scale lattices, Figure S2 indicates that the observed distribution of Pn is characterized by a mean number of sides (<n>) smaller than the value expected for lattices without border and continuously mapped into a plane. We demonstrate here that this reduction of <n> is entirely caused by the fact that crocodile head scale lattices are bordered. Indeed, it can be shown (29) that:
where E and V are the total number of edges and vertices, respectively, Vb is the number of vertices at the border, Pn is the number of polygons with n sides, c is the fixed connectivity number, and cr is the number of edges arriving at the r th border vertex.
Given that cr=c for each boundary vertex, given that < n >= nP n n ∑ P n n ∑ , and dividing
Equation S5
by P n n ∑ , we get:
leading to the mean number of sides (<n>) of the bordered lattice with connectivity of 3:
Using Equation S7, we compute in Table S1 the expected mean number of sides for each crocodile individual and show that this value is <6 and identical to the observed value of <n>. Among the 10,910 nodes scored in all individuals, only four nodes were fourfold (all others have a connectivity of 3). The four individuals in Table S1 whose observed value of <n> deviates very slightly from the expected one are individuals that include one of these fourfold nodes.
Whole mount in-situ hybridisation (WMISH) Reptile embryos were fixed overnight in 4% paraformaldehyde (PFA) in phosphatebuffered saline (PBS) at 4°C, dehydrated though a series of methanol/PBS solutions (25%, 50%, 75% and 100% methanol), and stored at −20°C until hybridization. WMISH were performed with standard procedures (30) at a temperature of 60°C and speciesspecific digoxigenin-labelled riboprobes corresponding to Nile crocodile Ctnnb1 (3' UTR region) or corn snake Shh (coding sequence region) genes.
Histology
Embryonic skin tissues from different body locations were fixed overnight at 4°C with 4% PFA before alcohol dehydration and paraffin embedding. Tissues were then sectioned at 8 µm and stained with hematoxylin and eosin (HE) according to standard protocols. Immuno-fluorescent staining on skin paraffin sections was carried out as follows: epitope retrieval for 20 minutes at 95°C in 0.01 M citrate buffer (pH 6.0); blockage for one hour with normal goat serum; incubation overnight at 4°C with the primary antibody: anti-PCNA (1:300, AbD Serotec); incubation with the Alexa Fluor-conjugated secondary antibody (Alexa Fluor-488, Invitrogen) for one hour. To assess cell apoptosis, the TUNEL assay (TMR red, Roche) was used according to the manufacturer's instructions.
Supplementary Text
Additional Signatures of Cracking During hierarchical cracking, new cracks are shorter than older cracks (because they develop in domains of decreasing sizes) and cracks of order k connect with cracks of order <k (i.e., older than k). In this regime, the orientation of old fractures cannot be modified by new ones (contrary to simultaneous cracking where cracking fronts can reorient) such that the shape of an existing domain remains unchanged and the new fracture joins an older one, generating a new node with two 90° and one 180° angles. Using these criteria, the geometrical genealogy of domain divisions can be inferred from the final pattern (31) , whereas that task is impossible for non-hierarchical cracking. We devised an automaton that travels and marks the network of edges using a simple decision criterion: at each encountered node, the automaton follows the outgoing edge defining the largest angle. This approach highlights the paths that are the best candidates for being the first generated fractures ( Figure S6 ).
An additional signature of crack patterns is the presence of a low number of nodes connecting four edges. Whereas foams do not exhibit such fourfold nodes (that readily dissociate into two stable threefold nodes (9)), crack patterns can include a small proportion of them but with predictable properties. During very rapid cracking, the fracture front can divide, but it generally does not generate more than two daughter branches; the new node is threefold and not fourfold. In addition, a crack front will avoid corners of the domain it's traveling into because the tension field is minimal in corners. Hence, the rare fourfold nodes in crack patterns tend to correspond to two cracks of order >k joining a crack of order k at the 'same' location on either side of the older crack. This is exactly the topology exhibited by the rare fourfold nodes we observe in crocodilian head scale networks ( Figure S4B ). Note that most of the rare nodes that appear as fourfold at low spatial resolution are identified as two distinct nodes (in very close proximity) at higher resolution. As discussed above, among the 10,910 nodes scored in 15 crocodiles, only 4 were fourfold.
Requirements for numerical simulations !
Cracking of the crocodile jaws and face skin during development could be investigated further with numerical simulation techniques that would, in principle, allow fine-tuning mathematical models on the basis of the statistical features of the scale pattern generated in silico. However, developing meaningful (truly physical) models will be highly challenging as it will require (i) the development of methods for the acquisition of embryo 3D geometry across the full range of developmental stages, (ii) inference of an accurate topological map of head growth rates across time and space, (iii) identification of the distributions of skin thickness and elasto-plastic parameters across the embryonic head, and (iv) inference of stress and elastic forces generated by the relative growth rates of skin and bones, taking into account the mechanical parameters identified above.
Furthermore, given the likely important role of proliferation, fragmentation networks that undergo a 'maturation' process (20) (21) (22) might be particularly adapted to modeling such a dynamical process (i.e., the crocodile head skin crack pattern might be less static than, e.g., in ceramics). Indeed, starting out hierarchical, these maturating patterns exhibit a gradual evolution, i.e., they shift from mostly 90° towards 120° junctions under an annealing process caused by the movements of vertices and bending of edges under a local energy minimization constraint. It is tempting to argue that the crack pattern on crocodile faces and jaws might mature towards a hexagonal pattern, explaining the mixture of hierarchical and non-hierarchical crack features. Given the large variance in both edge angle distributions ( Figure S4A ) and number of polygons ( Figure S4D ) among individuals, testing this maturation hypothesis will require to follow in ovo the time evolution of the cracking pattern of embryos. Phase-field approaches (18, 32) , where a crack would be represented as a softer phase surrounded by a stiffer phase of un-cracked skin, might be appropriate (although a local, rather than global, energy minimization constraint should be used).
Yet a more challenging perspective would be to develop a numerical cell-based model incorporating physical parameters at all scales (from cells to tissue), biological parameters (such as proliferation and signaling), and the interactions between the two for investigating the dynamic of initiation and propagation of bulging. 
Figure S2
Polygon order distribution functions. Mean distribution (blue plain line) of polygons frequencies (Pn) as a function of the number of sides (n) computed from 15 juvenile crocodile individual distributions. The mean distribution 95% confidence interval is indicated with blue dotted lines whereas the mean number of edges and its 95% confidence interval are indicated with a red dotted line and a red frame, respectively. Each of the distributions is characterized by a mean number of sides (<n>) smaller than 6 (Table S1 ) because the networks of scales are bordered (see Materials and Methods for details). n (number of edges) Normalised Area (polygon area / head area)
Figure S3
Polygon area distribution function. Distribution of normalized polygon area as a function of polygon order (number of sides) for all 15 juvenile crocodiles used in this study. The mean of the 15 means and the 95% confidence interval for 3≤n≤8 (the interval for which the number of scored polygons is >100) are indicated with green plain line and black dotted lines, respectively. The linear fit across all points is indicated in red. In foams, the polygon area distribution function might be much less dispersed (33) (i.e., with little overlap of area values among polygons of different orders) than in crack patterns (where some polygons of low order can have much larger areas than some polygons of higher order). Crocodile head scales do not fit well the area distribution function expected for foams as some squares and pentagons exhibit larger areas than some polygons with more than 9 sides. This criterion has however not be systematically investigated in the literature and its power for discriminating between foam and crack patterns is unknown. Figure S4 (A) The edges angle distribution function in crocodiles is most often bimodal (blue and red curves are from different crocodiles), although the two peaks can be difficult to identify in some individuals (dotted green). The anisotropic head's growth during and after cracking also explains that the two peaks of the edge angles distribution function tend to widen and to centre on values smaller than the expected 90 and 120°. (B) Fourfold nodes are rare in cracking patterns and correspond to two narrow secondary cracks (dotted arrows) connecting to a wider primary crack (plain two-headed arrow). (C) Many incomplete cracks stop their progression in close proximity to a DPR (two left panels) and crack propagation avoids DPRs (right panel). (D) The number of edges and DPRs vary among crocodiles (15 juveniles scored) and the two variables are inversely correlated (linear fit and Pearson r coefficient are indicated in red). These numbers are not correlated to animal's size. (E) Local density of DPRs (from blue, low, to red, high densities) is inversely correlated with the position of cracks (red lines) both on the upper and lower jaws (left and right panels, respectively). Note that each tooth is generally associated to a 'tooth scale' (i.e., cracks tend to propagate in between teeth): this is compatible with high local density of DPRs in each zone directly adjacent to a tooth.
Figure S5
Distribution of DPRs on the crocodile head. Local density of DPRs (orange dots) is color-coded from red (high density) to blue (low density). The density of DPRs is high near teeth, and is low at the back of the jaws as well as on the top of the face. DPRs density is somewhat homogenous elsewhere (but see Figure S4E ).
Figure S6
Primary cracks can be identified automatically. (A) Reconstructed geometry and color texture of a juvenile Nile crocodile: the largest (thickest) crack is very likely one of the very first crack that appeared during development. (B) An automaton that travels the network (marking edges in the process) by choosing, at each encountered node, the outgoing edge corresponding to the largest angle (see Materials and Methods and Supplementary Text), identifies cracks likely to have appeared among the very first. All edges along the path highlighted in red have been visited by the automaton between 198 and 392 times. All other edges in the network have been visited less than 198 times. The path identified by this algorithm, as the best candidate for being the first fracture, corresponds to the one selected in panel (A) on the basis of crack's thickness only. Table S1 . Movie S1
Comparison of expected (<n>exp, computed with
Demonstration of in-house developed tools for marking and analyzing various features directly on animals 3D models. Higher quality versions of the movie are available at www.lanevol.org/LANE/croccrack.html
